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Factors related to energy metabolism and the metabolic syndrome, such as higher body mass index (BMI), blood glucose, or

blood lipids, and blood pressure, are associated with an increased risk of colorectal cancer (CRC). However, CRC is a

heterogeneous disease, developing through distinct pathways with differences in molecular characteristics and prognosis, and

possibly also in risk factors. For subtypes defined by KRAS and BRAF mutation status, BMI is the only metabolic factor

previously studied, with inconsistent findings. We investigated whether associations between BMI, blood glucose, blood lipids,

and blood pressure and CRC risk differed by tumor KRAS and BRAF mutation status in 117,687 participants from two

population-based cohorts within the Northern Sweden Health and Disease Study (NSHDS). Hazard ratios (HRs) for overall CRC

and CRC subtypes by metabolic factors were estimated with Cox proportional hazards regression, using multiple imputation to

handle missing exposure and tumor data. During a median follow-up of 15.6 years, we acquired 1,250 prospective CRC cases,

of which 766 cases had complete baseline and molecular tumor data. Consistent with previous evidence, higher BMI, total

cholesterol, triglyceride levels, and blood pressure were associated with an increased risk of overall CRC (HRs per 1 standard

deviation increase: 1.07 to 1.12). These associations were similar regardless of CRC subtype by KRAS and BRAF mutation

status (all pheterogeneity > 0.05). The same was true for subtypes based on microsatellite instability status. Poor metabolic health

may therefore be a universal mechanism for colorectal cancer, acting across multiple developmental pathways.

Introduction
Colorectal cancer (CRC) is a heterogeneous disease, developing
through distinct pathways and demonstrating large differences in
molecular and clinical characteristics and prognosis.1,2 Molecular
classification of tumors using markers such as KRAS and BRAF
mutation status is already being used to guide therapy for CRC,
notably the resistance to anti-EGFR therapy in KRAS-mutated
tumors.3 CRC may, therefore, more accurately be described as a
group of separate diseases with potential differences in etiology
and risk factors.4–6

Heterogeneity in the relationship between risk factors and
CRC subtypes could have implications for CRC prevention,
for example, to personalize recommendations for lifestyle
change, pharmacoprevention or screening. In this manner,
precision medicine might impact not only disease therapy and
prognostics but also public health, with the potential to reduce
CRC incidence. Moreover, investigating risk factors in relation
to subtypes of cancer with homogenous pathogenic mecha-
nisms, as opposed to all subtypes combined, can provide valu-
able insights into the etiological mechanisms behind the
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associations. This field of study has been coined molecular
pathological epidemiology,4–6 and has led to several key find-
ings, such as the subtype-specific association between regular
aspirin use and BRAF-wild type CRC.7

Despite the potential of subtype-specific analyses to yield
important information on the link between body fatness
(an established CRC risk factor8–10), metabolic health, and CRC
development, data are limited. Body fatness or poor metabolic
healthmay either cause specific molecular errors in specific devel-
opmental pathways of CRC, or contribute to a colorectal micro-
environment favorable for tumors with specific molecular
features to grow,4–6 for instance, through chronic low-grade
inflammation.11 For CRC subtypes defined by anatomical site,
high body fatness measured as high body mass index (BMI) is
mainly associated with an increased risk of colon cancer,10,12 with
small differences between the right or left colon.12 However, there
is no conclusive evidence for a subtype-specific association for
BMI by either KRAS or BRAF-mutation status,13–16 or other
molecular characteristics of the tumor, such as infiltrating
immune cells or microsatellite instability (MSI) status.16–18 One
study reported a subtype-specific association withKRAS-mutated
CRC risk for low plasma levels of adiponectin,19 an adipokine
inversely associated with body fatness and the metabolic syn-
drome.20 Metabolic factors related to the metabolic syndrome
other than body fatness, such as blood pressure and blood lipids,
are associated with CRC risk, independently of BMI.21,22 While
the evidence for causality for these factors is limited compared to
for body fatness, there is genetic evidence supporting a causal,
BMI-independent, role for total cholesterol.23 To our knowledge,
no previous study has investigated whether metabolic factors
related to the metabolic syndrome demonstrate subtype-specific
relationships with CRC risk.24

The aim of our study was to investigate factors involved in
energy metabolism and the metabolic syndrome, including
BMI, fasting blood glucose, oral glucose tolerance test results,
blood lipids, and blood pressure, in relation to the risk of
molecular CRC subtypes defined by KRAS and BRAF muta-
tion status, using data from two large, population-based
cohorts in northern Sweden. In secondary analysis, we also
investigated subtypes by MSI status.

Materials and Methods
Study population
This was a cohort study of two prospective, population-based
cohorts within the Northern Sweden Health and Disease

Study (NSHDS): the Västerbotten Intervention Programme
(VIP) and the northern Swedish MONitoring of Trends and
Determinants in CArdiovascular Disease (MONICA) project.
Both cohorts have been described in detail elsewhere.25,26 In
short, the VIP, initiated in 1986 and ongoing, is a health
screening intervention in which all residents of Västerbotten
County are invited to a general health exam at 10 year inter-
vals at ages 40, 50 and 60 years.25 Participants fill out an
extensive questionnaire on health and lifestyle and may also
donate a blood sample for biobanking purposes. The partici-
pation rate is approximately 70% (50% in early years), with
no indication of any major selection.25 MONICA consists of
randomly selected 25–74 year olds living in northern Sweden
(Västerbotten and Norrbotten County) invited to participate
in six cross-sectional health surveys between 1986 and 2014
(average participation rate 74%).26

At the final date of entrance to our study (January
19, 2016), the NSHDS included 119,738 participants with
183,699 observations before exclusions (see Fig. 1 for study
design). Missing data for day or month were replaced with
Day 15 for day and June for month. Participants diagnosed
with cancer other than non-melanoma skin cancer before
study entrance were excluded, with missing data on height or
weight, or with implausible measurements (height < 130
or > 210 cm, weight < 35 kg, BMI < 15 or > 70 kg/m2, fasting
plasma glucose <1 mmol/L, glucose tolerance test <1
or > 35 mmol/L, total cholesterol <0.5 or > 15 mmol/L, tri-
glyceride levels <0.15 or > 20 mmol/L, systolic blood pres-
sure < 20 or > 300 mm Hg, diastolic blood pressure < 20
or > 250 mm Hg). For participants who attended more than
one health exam over time, we used the observation with the
longest follow-up. After exclusions, the study population
included 117,687 participants (VIP: 108107 participants,
MONICA: 9580 participants). The study protocol was
approved by the Regional Ethical Review Board in Umeå,
Sweden. All participants gave a written informed consent for
all collection for research purposes.

Metabolic factors
All measurements were made by a health professional. Height
and weight were measured in light clothing without shoes. A
capillary blood sample was drawn after an overnight fast, and
again 2 h after a 75 g oral glucose load (to measure glucose
tolerance, 80% had fasted longer than 8 h). Plasma glucose
concentrations were analyzed with a Reflotron bench-top

What’s new?
Factors related to the metabolic syndrome, such as higher body mass index, blood glucose, blood lipids, and blood pressure,

are associated with an increased risk of colorectal cancer. However, whether metabolic factors have different roles in different

molecular subtypes of colorectal cancer remains an open question. In this population-based, prospective cohort study of more

than 115,000 people, the answer appears to be no. Metabolic factors were associated with colorectal cancer risk consistently

across subtypes based on KRAS and BRAF mutations and microsatellite instability. Poor metabolic health may be a universal

mechanism for colorectal cancer, acting across multiple developmental pathways.
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analyzer (Roche Diagnostics) until 2004, and from 2004 with
a Hemocue bench-top analyzer (Quest Diagnostics). Total
cholesterol and triglyceride levels in the VIP were analyzed
with a Reflotron bench-top analyzer until 2009, and from
2009 with an enzymatic method at the clinical chemistry labo-
ratory at the nearest hospital. Systolic and diastolic blood
pressure were measured once with a mercury sphygmoma-
nometer after a 5-min rest in the supine position until 2009,
and from 2009 in the sitting position. To harmonize measure-
ments before and after 2009 in the VIP, total cholesterol, tri-
glyceride, and blood pressure measurements were calibrated
using formulas presented in Supporting Information Table S1.
Glucose, lipid, and blood pressure measurements in the
MONICA cohort used the same methods as after 2009 in the
VIP. We adjusted lipid and blood pressure measurements for
lipid-lowering or antihypertensive medication usage by adding
estimated constants (total cholesterol +1.347 mmol/L, triglyc-
eride levels +0.208 mmol/L, systolic blood pressure + 15 mm
Hg, and diastolic blood pressure +10 mm Hg).27,28

To facilitate comparisons between metabolic factors, they
were analyzed as continuous z-transformed variables (scaled to
mean 0 and standard deviation (SD) 1). z-Transformations
were made separately by sex and cohort for BMI and blood
pressure, and by sex, cohort, and fasting status (above or below
8 h) for glucose, glucose tolerance, cholesterol, and triglycerides.
Because of a skewed distribution, the glucose, glucose tolerance,
and triglycerides variables were log-transformed before z-trans-
formation. We observed expected correlations between BMI,
glucose, triglycerides, and blood pressure (r = 0.2 to 0.4, Fig. 2).
Three groups of more correlated metabolic factors were
observed: fasting glucose and glucose tolerance (r = 0.3), tri-
glycerides and cholesterol (r = 0.3), and systolic blood pressure
and diastolic blood pressure (r = 0.7).

Follow-up
Participants were followed starting from 1 year after study
entry (baseline), to reduce the risk of reverse causality, until
May 31, 2016 by linkage to the virtually complete Swedish
national registries, for whichever occurred first of either can-
cer diagnosis other than non-melanoma skin cancer (Cancer
Registry of Northern Sweden), death (Swedish Cause of Death
Registry), or migration (Swedish Registry of Total Population
and Population Changes). Participants diagnosed with cancer
in the period between study entry and start of follow-up
(1 year later) were excluded (Fig. 1). Participants diagnosed
with colorectal adenocarcinoma were identified using ICD-10
C18.0 and C18.2–18.9 for colon, C19.9 and C20.9 for rectum.
CRC diagnoses were verified, and data on anatomical tumor
site and tumor stage were collected, by linkage to the Swedish
National Quality Registry for Colorectal Cancer or by medical
record assessment by a gastrointestinal pathologist. A total of
24 cases (2%) lacked data on tumor site, and 102 cases (8%)
had missing data on stage (mainly due to incomplete clinical
TNM staging).

Tumor tissue analysis
DNA was extracted and purified with a Qiagen QIAamp
DNA FFPE Tissue Kit from formalin-fixed, paraffin-
embedded tumor tissue collected during routine clinical prac-
tice at the Department of Clinical Pathology, Umeå University
Hospital, Umeå, Sweden. In total, 916 of 1,250 cases (73%)
had available tumor tissue.

KRAS was analyzed by sequencing the activating mutations in
codon 12 and 13 using Big Dye v. 3.1, according to the manufac-
ture protocol (Applied Biosystems, Life Technologies, Foster city,
CA, USA).29 The mutational status of BRAFV600E was analyzed
using TaqMan allelic discrimination assay (reagents from
Applied Biosystems)30 or digital droplet PCR (reagents from Bio-
Rad Laboratories, Hercules, CA, USA). As KRAS and BRAF are
considered mutually exclusive within cell clones, CRC cases were
classified as KRAS-mutated, BRAF-mutated, or KRAS/BRAF
wild-type. Cases with mutations in both KRAS and BRAF (n = 6,
2%, in the complete data set) were censored in the analysis.

Microsatellite instability (MSI) status was assessed by
immunohistochemical analysis of MLH1, MSH2, MSH6, and
PMS2 for cases diagnosed up until 2009 (samples lacking
tumor cells with nuclear staining for any of the mismatch
repair proteins were categorized as MSI).31 For cases

Figure 1. Flow diagram of the study design. CRC: Colorectal cancer,
VIP: Västerbotten Intervention Programme. *Other than non-
melanoma skin cancer.
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diagnosed 2009–2016, a DNA-based method was used
(Promega MSI Analysis System, Version 1.2, Madison, WI). A
subset of cases (n = 70) were analyzed with both methods,
with 100% concordance.

A total of 144 cases had inconclusive KRAS or BRAF muta-
tion status, and 145 cases inconclusive MSI status, due mostly
to insufficient tumor DNA in the available tissue sample. Thus,
in total, 766 cases had complete KRAS and BRAF mutation sta-
tus data. The probability of missing tumor data depends on
clinical characteristics such as tumor site and stage, and poten-
tially other observable characteristics, so called missing at ran-
dom. In our study, cases with missing KRAS and BRAF
mutation status data were more often had more recent CRC
diagnosis, distal tumors, advanced stage tumors, slightly higher
education level at baseline, were current or ex-smokers at base-
line, and less physically inactive at baseline, compared to cases
with available data (Supporting Information Table S2). We
used this information to impute data in the remaining cases, as
described in the statistical analysis section.

Statistical analysis
Missing data for metabolic factors, potential confounders, and
tumor traits were assumed to be missing at random conditional
on observed data, and imputed with multiple imputation by
chained equations using the mice R-package.32 First, 15 data sets
were imputed (number of imputation based on the highest %
missing among exposures and potential confounders,33 15%), in
20 iterations, with a predictive mean matching model for contin-
uous variables and logistic or multinomial logistic regression for
categorical variables. Missing data on metabolic factors or poten-
tial confounders were modeled using all metabolic factors as well
as age, sex (man or woman), cohort (VIP or MONICA), fasting
status (above or below 8 h), educational status (elementary
school, junior secondary school, upper secondary school, or uni-
versity education), smoking status (never-, ex-, or current

smoker), recreational physical activity (on a scale of 1–5, from
never to >3 times/week), occupational physical activity (on a scale
of 1–5, from sedentary or standing work to physically strenuous
most of the time), alcohol intake from a validated food frequency
questionnaire34 (zero intake, above/below sex and questionnaire-
version-specific median of self-reported intake in grams/day),
event status, and follow-up time as predictors. For each of the
15 imputed data sets, missing data on stage, site, KRAS and BRAF
mutation status, and MSI status in cases were imputed in
40 imputed data sets (based on the highest %missing tumor data,
39%) in 20 iterations, including the same predictors as in the
exposure and potential confounder imputation and additionally
the clinical and molecular tumor variables and year of and age of
diagnosis. Convergence of imputed values were checked graphi-
cally, and plausibility of imputations values were checked by
graphically comparing distributions with non-missing values.
Analyses were run on all imputed data sets and aggregated using
Rubin’s rules.35 To ensure that the choice of method for handling
missing tumor data did not affect our results, we also ran analyses
using an inverse probability weighting method,36 with very simi-
lar findings (data not shown).

Associations between metabolic factors and background
and lifestyle-related variables were estimated by fitting linear
regression models for each factor. To investigate the relative
importance of each individual predictor, we estimated contri-
butions to total R2 using the lmg algorithm in the relaimpo R-
package.

Associations with CRC risk were evaluated by estimating
hazard ratios (HRs) per 1 SD increase in metabolic factors
using Cox proportional hazards regression, with attained age
as the time scale. The proportional hazards assumption was
checked by visually examining time-dependent log(HRs) vs.
time and in Schoenfeld residual-based tests. No violations
were observed. To check for nonlinear associations, continu-
ous variables were modeled using restricted cubic splines

Figure 2. Correlations between metabolic factors. Partial Spearman’s correlations adjusted for age and sex, and correlations additionally
adjusted BMI. Correlations ≥0.2 are labeled. BMI: Body mass index, BP: Blood pressure. [Color figure can be viewed at wileyonlinelibrary.com]
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Table 1. Baseline and follow-up characteristics.

Variable All participants (n = 117,687) CRC cases (n = 1,250) Missing, n (%)

Age groups, n (%) 0 (0)

<30 985 (1) 1 (0)

30–39 12,077 (10) 35 (3)

40–49 47,493 (40) 167 (13)

50–59 31,741 (27) 437 (35)

≥60 25,391 (22) 610 (49)

Sex, n (%) 0 (0)

Men 58,493 (50) 652 (52)

Women 59,194 (50) 598 (48)

BMI, kg/m2 25.3 (15.2–69.9) 25.9 (17.4–44.6) 0 (0)

Glucose, mmol/L 5.3 (1.0–24.6) 5.4 (2.1–17.1) 5,831 (5)

Glucose tolerance, mmol/L 6.4 (1.0–33.8) 6.6 (1.4–23.6) 11,639 (10)

Total cholesterol, mmol/L 5.5 (0.5–15.0) 6.0 (2.6–10.9) 788 (1)

Triglycerides, mmol/L 1.1 (0.1–19.0) 1.4 (0.4–15.2) 17,801 (15)

Systolic BP, mm Hg 124.3 (60.0–265.8) 132.0 (85.8–222.9) 779 (1)

Diastolic BP, mm Hg 81.3 (30.0–164.6) 84.8 (61.1–132.1) 834 (1)

Smoking status, n (%) 2071 (2)

Never smoker 57,178 (49) 482 (39)

Ex-smoker 33,554 (29) 434 (35)

Current smoker 24,884 (21) 309 (25)

Occupational PA score, n (%) 16,331 (14)

1 (sedentary or standing work) 26,709 (23) 236 (19)

2 (light but partly physically active) 18,390 (16) 208 (17)

3 (light and physically active) 22,965 (20) 215 (17)

4 (sometimes physically strenuous) 26,904 (23) 262 (21)

5 (physically strenuous most of the time) 6,388 (5) 63 (5)

Recreational PA score, n (%) 2,592 (2)

1 (never) 41,298 (35) 514 (41)

2 (every now and then – not regularly) 27,916 (24) 311 (25)

3 (1–2 times/week) 21,393 (18) 228 (18)

4 (2–3 times/week) 16,256 (14) 121 (10)

5 (>3 times/week) 8,232 (7) 56 (4)

Alcohol intake, grams/day 2.8 (0.0–294.4) 2.3 (0.0–31.2) 10,372 (9)

Alcohol intake, n (%) 10,372 (9)

Zero intake 8,506 (8) 91 (9)

≤median intake 49,673 (46) 510 (49)

>median intake 49,136 (46) 441 (42)

Follow-up, years 15.6 (0.0–30.5) 12.4 (1.0–29.5) 0 (0)

Tumor site, n (%) 24 (2)

Right colon 388 (32)

Left colon 361 (29)

Rectum 477 (39)

Tumor stage, n (%) 102 (8)

Stage I&II 582 (51)

Stage III&IV 566 (49)

KRAS/BRAF mutation status, n (%) 484 (39)

BRAF-mutated 169 (22)

KRAS-mutated 184 (24)

Both wild type 413 (54)

(Continues)
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(with knots at the 5th, 50th and 95th percentiles). Nonlinear-
ity was tested with a likelihood ratio test comparing the spline
model to a linear model. Models were adjusted for cohort,
sex, smoking status, recreational physical activity, occupa-
tional physical activity, and alcohol intake.

To evaluate whether the associations between exposures
and CRC risk differed by anatomical subsite or KRAS/BRAF
mutation subtypes, we estimated subtype-specific HRs per
1 SD increase in metabolic factors using Cox regression
models with a competing risks approach using the duplication
method.37 In secondary analyses, we also evaluated differences
in association by subtypes defined by MSI status. Heterogene-
ity in the association between metabolic factors and CRC risk
by molecular subtypes was tested using a likelihood ratio test
with k-1� of freedom, where k equals the number of subtypes,
comparing a model in which the risk association could vary
across subtypes to a model in which all associations were held
constant.

All computations were conducted in R v.3.5.0
(R Foundation for Statistical Computing, Vienna, Austria). All
tests were 2-sided when applicable. We used a significance
threshold of 0.005 for analyses which were not strictly confir-
matory as suggested by Benjamin et al,38 chosen to account
for both the number of tests as well as the correlated
exposures.

Results
Baseline characteristics
Approximately 40% of the study cohort were between 40 and
49 years old at baseline (median 42 years, Table 1). A total of
22% were current smokers, and 26% and 36% reported no
occupational or recreational physical activity, respectively.
compared to the average cohort participant, the CRC cases
were slightly higher with respect to BMI and all other meta-
bolic factors.

Associations between background and lifestyle variables
and metabolic factors are presented in Supporting Informa-
tion Table S3. Age, BMI, and sex were the largest contributor
to total variance for all metabolic factors (R2 in full model
5–29%). Cohort, smoking status, recreational physical activity,
and alcohol intake were associated with all factors, though
with very small contributions to total variance ≤1%).

CRC case characteristics
After up to 30.5 years of follow-up time (median: 15.6 years,
1.7 million person-years total follow-up. Table 1), we identi-
fied 1,250 verified CRC cases (52% men, 1,122 in VIP and
128 in MONICA). The estimated cumulative incidence at age
80 was 4.8% for men (95% CI: 4.3, 5.2%), and 3.9% for
women (95% CI: 3.5, 4.3%), which is almost identical to the
cumulative incidence in the underlying population in north-
ern Sweden (4.8 and 3.8%, for men and women, respectively,
data from NORDCAN© 2017 Association of the Nordic Can-
cer Registries, IARC 39, http://www-dep.iarc.fr/NORDCAN/,
assessed July 26, 2018). Male sex, low recreational physical
activity, and smoking were associated with an increased risk
of CRC (Supporting Information Table S3).

The median age at diagnosis was 64.4 years, the relatively
low age reflecting the recruitment ages of 40, 50 and 60 years
in the VIP cohort. We observed 388 right-colon (32%),
361 left-colon (29%), and 477 (39%) rectal tumors (Table 1).
The cases were approximately equally distributed between
early tumor stages (49% stage I&II) and more advanced stages
(51% stage III&IV). A total of 169 cases (22%) were BRAF
mutated, 184 (24%) were KRAS mutated, and 104 (14%) were
MSI. Subtypes by KRAS and BRAF mutation status reflected
distinct groups of clinical characteristics. BRAF mutations
were more common in women, in patients who were older at
diagnosis, in right-sided colon tumors, and in MSI tumors
(Table 2). KRAS-mutated tumors were approximately equally
distributed across tumor sites, whereas double-wild type
tumors were more often situated in the rectum.

Metabolic factors and CRC risk
No associations between metabolic factors and CRC risk showed
any strong evidence of non-linearity (all pnonlinearity > 0.01, Fig. 3),
and the results here are thus for linear associations. Higher BMI
was associated with an increased risk of CRC [HR per 1 SD
increase, approximately per 4 kg/m2: 1.07 (95% CI: 1.00, 1.13),
Fig. 3]. Higher total cholesterol, triglyceride levels, and diastolic
blood pressure were also associated with an increased risk of
CRC, independently of BMI and other covariates (HRs: 1.07 to
1.11 per 1 SD increase in the factors). Associations were similar in
men and women (all pheterogeneity > 0.3, Supporting Information
Table S4). Associations for the lipid and blood pressure variables
were weaker in the smaller MONICA cohort, but tests of

Table 1. Baseline and follow-up characteristics. (Continued)

Variable All participants (n = 117,687) CRC cases (n = 1,250) Missing, n (%)

Microsatellite instability (MSI) status, n (%) 491 (39)

MSI 104 (14)

MSS 655 (86)

Abbreviations: BMI, body mass index; BP, blood pressure; PA, physical activity; MSI, microsatellite instability; MSS, microsatellite stability; MSS, micro-
satellite stability.
Median (range) or n (%).
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heterogeneity between the cohorts was only borderline significant
for systolic blood pressure (pheterogeneity = 0.006, Supporting Infor-
mation Table S4). Differences were likely due to low power in the
MONICA subsample. Therefore, in order to maximize power,
main analyses betweenmetabolic factors and the risk of CRC sub-
types were conducted for men and women and both cohorts
combined, and assuming linear associations. Diabetes, defined as
self-reported diabetes, glucose ≥5.8 mmol/L, or glucose tolerance
≥7.8 mmol/L, was not associated with CRC risk (HR: 1.07 (95%
CI: 0.95, 1.20)).

Metabolic factors and CRC risk by clinical and molecular
tumor traits
Associations between metabolic factors and CRC risk by anatom-
ical site, KRAS and BRAF mutation status, and MSI status are
presented in Figure 4. Associations were slightly stronger for
colon cancer compared to rectal cancer for most factors.
However, there was no significant heterogeneity for any factor
(all pheterogeneity > 0.1). Regarding subtypes by KRAS and
BRAF mutation status, no metabolic factor displayed any clear
heterogeneous association across subtypes (all pheterogeneity > 0.05).
The same was true for subtypes defined by MSI status (all
pheterogeneity > 0.05). The results were similar in men and
women, and in separate analyses of right-sided colon, left-
sided colon, or rectal cancer (data not shown). Results were
similar in complete-case analysis (where participants with
missing exposure and potential confounder data were
excluded, and cases with missing tumor data were censored)
compared to results from the multiple imputation analyses,
for both overall CRC risk and CRC subtype risk analyses
(Supporting Information Table S5).

Discussion
In this population-based, prospective cohort study of 117,687
participants in the Northern Sweden Health and Disease
Study (NSHDS), we investigated factors involved in energy
metabolism and the metabolic syndrome in relation to the risk
of colorectal cancer (CRC) by molecular subtypes defined by
mutations in the KRAS and BRAF oncogenes. Consistent with
previous studies, higher BMI, total cholesterol, triglyceride
levels, and diastolic blood pressure were independently associ-
ated with an increased risk of CRC. We observed no clear dif-
ferences in the associations between metabolic factors and
CRC risk by KRAS and BRAF mutation status in the tumor.
Secondary analyses of MSI status also showed similar associa-
tions across subtypes.

Mutations in the KRAS and BRAF oncogenes are impor-
tant early events in CRC development.3 The mutations are
mutually exclusive within cell clones, and combined KRAS/
BRAF mutation status is largely representative of separate
developmental pathways with substantial differences in clini-
cal and molecular characteristics.5,40 Furthermore, several
CRC risk factors have been reported to demonstrate subtype-
specific risk relationships based on KRAS/BRAF mutation
status, namely low plasma adiponectin,19 aspirin use,7 and
alcohol intake.41 This wide spectrum of risk factors supports
distinct etiological pathways.

The associations between BMI, total cholesterol, triglycer-
ides, and blood pressure and overall CRC risk in our study
were in line with previous studies.8–10,21–23 The associations
appeared mainly present for colon cancer, with no clear differ-
ence between the right or left colon, which is also consistent
with previous studies.12,22 We saw no association with CRC
risk for blood glucose variables or diabetes. Meta-analyses of

Table 2. Colorectal cancer (CRC) case characteristics by KRAS and BRAF mutation status.

Variable BRAF-mutated (n = 169) KRAS-mutated (n = 184) Both wildtype (n = 484) P1

Age at diagnosis, years 69.9 (45.2–85.9) 67.4 (37.7–85.4) 66.0 (41.0–89.6) 1.9*10−5

Sex, women 109 (64) 96 (52) 176 (43) 7.7*10−6

Tumor site, n (%) 1.1*10−29

Right colon 123 (73) 63 (34) 86 (21)

Left colon 26 (15) 55 (30) 139 (34)

Rectum 20 (12) 65 (36) 185 (45)

Tumor stage, n (%) 0.37

Stage I&II 80 (49) 95 (56) 215 (55)

Stage III&IV 84 (51) 76 (44) 178 (45)

MSI status, n (%) 7.8*10−41

MSI 72 (49) 3 (2) 21 (6)

MSS 74 (51) 148 (98) 345 (94)

Abbreviations: MSI, microsatellite instability; MSS: microsatellite stability.
Median (range) or n (%).
1p Values from ANOVA tests of equal distributions across KRAS/BRAF subtypes for age at diagnosis or chi-square tests of equal distributions for categorical
variables.
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these exposures suggest a positive association,42,43 however,
there is large heterogeneity between studies and conclusive
evidence for a relationship has not been established.

Our study was, to our knowledge, the first molecular patho-
logical epidemiology study on several metabolic factors related
to the metabolic syndrome and CRC risk by molecular sub-
types. The homogenous risk relationships for BMI across
molecular subtypes by KRAS and BRAF mutations and MSI
status are consistent with previous larger studies.13–18 We
observed similar homogenous risk relationships across molecu-
lar subtypes for other metabolic factors. Results to date there-
fore suggest that metabolic factors related to the metabolic
syndrome probably do not influence colorectal carcinogenesis
through a single colorectal developmental pathway.

Some factors related to the metabolic syndrome, namely
low plasma adiponectin or high BMI in women, have been
reported to be associated with a higher risk of KRAS-mutated
CRC.15,19 Our research, using several metabolic factors related

to the metabolic syndrome in a larger study cohort, did not
support these previous findings. One explanation is that adi-
ponectin is a potent anti-inflammatory agent,44 and inflam-
mation is a driver of KRAS-mutated carcinogenesis.45

Moreover, adiponectin levels may be more strongly inversely
associated with abdominal fat mass than with BMI.46,47 We
mitigated the weaknesses of BMI as a marker of metabolic
heath by using several metabolic factors and found similar
results for each factor in relation to CRC molecular subtypes.

There are some limitations to our study. Missing data for
KRAS or BRAF mutation status were due to lack of tumor tissue
available (e.g. cases with more advanced tumors, who are less
likely to undergo surgical resection) and unsuccessful analysis
(due mostly to insufficient amounts of DNA in the accessible tis-
sue sample). Although the proportions of missing data for molec-
ular tumor characteristics were similar to or lower than in other
molecular pathological epidemiology studies19 or population-
based CRC studies,48 the risk of selection bias must be addressed.

Figure 3. Hazard ratios (HRs) of CRC by metabolic factors. Based on estimates from Cox regression models using age as time scale, with
variables modeled with restricted cubic splines (with knots at the 5th, 50th and 95th percentiles), adjusting for sex, cohort, smoking, BMI,
recreational and occupational physical activity, and alcohol intake. Values in parenthesis indicate mean non-transformed levels among
participants with a z-score � 0.2 around the corresponding score (n ≥ 478). Nonlinearity was tested with a likelihood ratio test comparing the
spline model to a linear model. BMI: Body mass index, BP: Blood pressure.
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We imputed plausible values using multivariate multiple
imputation, which can effectively yield unbiased results in
studies with missing at random data such as ours.32 The miss-
ing at random assumption, i.e., that all predictors of missing
status were included in the imputation model, may not be
entirely true. However, we were able to account for several
important determinants of missing tumor data in our study.
Furthermore, the results in complete-case and multiple impu-
tation analyses were similar, indicating that large discrepan-
cies in the results of analyses including other potential
predictors of missing status independent of the predictors
included in our study are unlikely. In the KRAS mutation
analysis, only the codons routinely analyzed in clinical prac-
tice when the tumor analyses were started, i.e. KRAS codons
12 and 13 and no NRAS mutations, were assessed. Although
these codons cover most KRAS mutations, we observed a
lower frequency of KRAS mutations than could be expected
using a broader analysis. Finally, using a few molecular
markers to divide CRC into subtypes probably does not cap-
ture all the existing intertumoral heterogeneity.1 This can
result in bias if the subtypes studied do not represent patho-
genic mechanisms.49 Still, distinct pathogenic mechanisms
specific to each KRAS and BRAF-mutation subtype are sup-
ported by the fact that the mutations are early oncogenic
events,3 that the subtypes are associated with distinct clinical
and molecular features,5,40 and that the subtypes have been
shown to differ in their associations to several unrelated risk
factors.

The main strength of our study is the use of extensive and
high quality prediagnostic health data from a large cohort, in
combination with follow-up clinical and molecular tumor data

on the cases. This molecular pathological epidemiology
approach makes it possible not only to decipher whether cer-
tain risk factors are associated with specific subtypes of CRC,
but can also provide valuable insights into potential etiological
mechanisms by connecting lifestyle factors directly to patho-
logical pathways.5 This was, to our knowledge, the first molec-
ular pathological epidemiology study of CRC and several
metabolic factors other than BMI. By studying several meta-
bolic factors, we were able to assess several aspects of meta-
bolic health, which do not always co-exist with obesity,50,51

and are independently associated with CRC risk.21–23 The pro-
spective cohort design with long follow-up (up to 31 years)
reduces the risk of recall bias and reverse causation. The use
of data collected by health professionals, rather than self-
reported BMI and diabetes for example, also helps prevent
reporting bias. Another major strength of our study is the
truly population-based nature of the NSHDS cohorts, which
reduces the risk of selection bias. Also, follow-up in our study
used the essentially complete Swedish cancer registry.52 The
unselected patient population may explain the high BRAF-
mutation frequency in our study (22%, typically 4–18%53),
similar to that of another unselected Scandinavian CRC study
population.48

In conclusion, in this population-based cohort study,
including 117,687 participants, higher levels of BMI, total cho-
lesterol, triglycerides, and blood pressure were associated with
an increased risk of CRC, regardless of molecular subtype
defined by KRAS and BRAF mutation status or MSI status.
Our results suggest that poor metabolic health may be a uni-
versal risk mechanism for colorectal cancer, acting across
multiple developmental pathways.

Figure 4. Hazard ratios (HRs) CRC by tumor subtypes per 1 SD increase in metabolic factors. Risk estimates of CRC subtypes defined by (a)
tumor site, (b) KRAS/BRAF mutation status, and (c) MSI status were calculated with Cox regression using age as time scale. Estimates were
adjusted for sex, cohort, smoking, BMI, recreational and occupational physical activity, and alcohol intake. Heterogeneity was tested with a
likelihood ratio test, comparing a model in which the risk association could vary across subtypes to a model were all associations were held
constant. BMI: Body mass index, BP: Blood pressure. MSI: microsatellite instability, MSS: microsatellite stable. [Color figure can be viewed at
wileyonlinelibrary.com]
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